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strain-engineered Graphene Grown 
on Hexagonal Boron Nitride by 
Molecular Beam epitaxy
Alex Summerield1, Andrew Davies1,2, tin s. Cheng1, Vladimir V. Korolkov1, YongJin Cho1, 
Christopher J. Mellor1, C. thomas Foxon1, Andrei N. Khlobystov2, Kenji Watanabe3, 
takashi taniguchi3, Laurence eaves1, sergei V. Novikov1 & peter H. Beton1
Graphene grown by high temperature molecular beam epitaxy on hexagonal boron nitride (hBN) 
forms continuous domains with dimensions of order 20 μm, and exhibits moiré patterns with large 
periodicities, up to ~30 nm, indicating that the layers are highly strained. Topological defects in the 
moiré patterns are observed and attributed to the relaxation of graphene islands which nucleate at 
diferent sites and subsequently coalesce. In addition, cracks are formed leading to strain relaxation, 
highly anisotropic strain ields, and abrupt boundaries between regions with diferent moiré periods. 
These cracks can also be formed by modiication of the layers with a local probe resulting in the 
contraction and physical displacement of graphene layers. the Raman spectra of regions with a large 
moiré period reveal split and shifted G and 2D peaks conirming the presence of strain. Our work 
demonstrates a new approach to the growth of epitaxial graphene and a means of generating and 
modifying strain in graphene.
he introduction of strain provides a route to modify both the electronic properties and phonon spectrum of 
graphene monolayers1–5. Local strains which form spontaneously when graphene is placed in an aligned con-
iguration on a hexagonal boron nitride (hBN) surface can lead to the formation of an energy gap resulting in 
a high resistance state, a requirement for technological applications such as transistor action6–13. In addition, 
strain ields lead, for certain symmetries, to the formation of an energy gap which may be explained in terms of 
an equivalent pseudomagnetic ield3,14. hese observations have motivated attempts to introduce strain through 
various fabrication strategies such as the thermal shrinkage of attached ilms, and also the transfer of graphene 
to patterned surfaces15–17. Here we demonstrate that strained, epitaxial graphene may be grown directly on hBN 
using molecular beam epitaxy (MBE) leading to moiré patterns with large periodicity, topological defects and, 
locally, strongly anisotropic distortion. Our observations are consistent with the presence of strains of ~1% which 
also lead to a splitting and red-shit of the 2D peak of the Raman spectrum. Furthermore, we show that the strain 
distribution may be modiied post-growth using the probe of an atomic force microscope; this leads to the for-
mation of cracks which modify the moiré pattern and the Raman spectrum through a local contraction and, thus, 
physical displacement of the graphene layer.
Growth by MBE is realised through the direct sublimation of one or more source materials, in this case car-
bon, onto a substrate surface and allows independent control of growth temperature and deposition rate. MBE is 
widely used to grow conventional semiconductor device-grade materials, particularly those which incorporate 
heterojunctions, but has so far had little impact on the growth of graphene. For this relatively new material chem-
ical vapour deposition (CVD) is much more widely used18, oten in combination with the transfer of the grown 
material19,20 to a dielectric substrate. Over recent years a new generation of graphene-based devices incorporating 
heterojunctions between graphene and other two-dimensional materials have emerged. hese devices include 
resonant tunnelling diodes21,22, photodetectors23,24 and light emitting devices25 and are typically constructed by 
mechanically stacking individual layers of graphene, hBN and layered semiconductors26. hese developments 
have motivated studies of the direct growth of heterostructures incorporating high quality heterointerfaces 
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between graphene and other materials, for example hBN, without the need for a sacriicial catalytic surface. here 
have been signiicant advances in the use of CVD towards this goal12,27–30 by adapting the method of Li et al.18 for 
growth of graphene on copper foils. However, attempts to grow graphene using MBE, which might be expected 
to be well-suited to the growth of high-quality heterojunctions, on hBN31,32, as well as several other substrates 
including metal foils33,34, SiC35 and sapphire36–38, have so far not provided a route to the growth of large area 
(micron scale) epitaxial material.
We have grown graphene by MBE on hBN lakes which are exfoliated from high-temperature high-pressure 
grown bulk hBN crystals39 and mounted on a sapphire substrate. Carbon is evaporated by heating a high-purity 
graphite ilament and the substrate temperature during growth is extremely high for MBE, we estimate ~1500 °C, 
much higher than the value reported in previous MBE studies of graphene growth. Further experimental details 
are given in the Methods section; a growth time of ~4 hours is required to form a graphene monolayer on hBN. 
Figure 1a shows a large area image (see Methods) of a typical hBN lake acquired using atomic force microscopy 
(AFM) in which there are many bright features corresponding to three-dimensional aggregates with heights in 
the range 10–100 nm and widths 50–500 nm. Also present on the surface are several bright lines; these features are 
associated with the thermal cycling of hBN on sapphire and are present even with no carbon deposition (images 
of control samples of annealed hBN with no deposited carbon are included in the Supplementary Information, 
SI). he overall topography is similar to that reported by other groups and attributed to a combination of the 
growth of graphitic carbon and the presence of step edges, defects and wrinkles on the hBN surface31,32.
he regions between these aggregates, which have typical separation of ~1 μm, have a uniform contrast in 
Fig. 1a, but higher resolution AFM scans, for example Fig. 1b (an image of the marked area in Fig. 1a) reveal a 
regular hexagonal arrangement, that has not been observed previously in MBE-grown material, and which in 
Figure 1. Topographic AFM images of graphene grown on hBN by MBE: (a) large area image showing large 
carbon deposits growing on defects on hBN; the straight lines running near vertically on the let of the image 
and diagonally across the image appear when thermally cycling the hBN and are not associated with carbon 
deposition while the meandering lines on the right of the image are due to growth at hBN terrace steps; (b) 
hexagonal moiré pattern with a period of 13.2 nm; (c) larger period (22.0 nm) moiré pattern; (d) 26.4 nm period 
moiré pattern; (e) distorted moiré pattern; (f) topological defect in moiré pattern; (g) long range distortion of 
moiré pattern due to topological defects; (h) crack in graphene bounded by moiré patterns with diferent period 
and anisotropic distortion; (i,j) proiles extracted from (b–d and h,k) (top) contact mode image of a crack in the 
graphene surface along with (bottom) graphene and hBN lattice images of the regions indicated by the arrows 
showing the orientation of the graphene and hBN lattices. he lattice images are 4.4 nm square.
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this region is well ordered with a period of 13.2 ± 0.1 nm. hese hexagonal networks are similar to moiré pat-
terns which have been previously reported for aligned exfoliated graphene on hBN by Woods et al.6 who argue 
that, for small angles of misalignment between the principal axes of exfoliated graphene and an hBN substrate, a 
commensurate-incommensurate phase transition occurs, leading to a spatial variation of the lattice constant of 
the graphene. In the central areas of the hexagonal repeating unit, corresponding to low contrast regions in the 
AFM topographic image, it is argued that6 the graphene is stretched so that it is lattice matched to the hBN sub-
strate. However, in the edge regions, which appear bright in our AFM images with a typical topographic height 
of 20 pm (see proile in Fig. 1i), the graphene is compressed so that N periods of graphene are overlaid on N-1 
periods of hBN, with N reported6 to be ~10. hus the bright edges correspond to the cores of dislocations which 
can be modelled as solitons within a description6 based on the Frenkel-Kontorova model.
For the exfoliated graphene studied by Woods et al.6, and also for graphene grown on hBN by CVD12,29 the 
period of the moiré pattern, λ 0, is reported to be in the range 13.9–15 nm which is consistent with the value, 
13.9 nm, expected for unstrained graphene (the moiré period λ 0 = a
2/δ a, where a is the lattice constant of 
graphene, 0.245 nm, and δ a is the diference between the lattice constants of hBN and graphene; we follow previ-
ous work6,12,29 and take δ a/a = 1.8%).
he period of the hexagonal array in Fig. 1b, 13.2 nm, is close to that reported previously, but we also observe 
analogous patterns which have a much larger period and can be highly distorted. In Fig. 1c,d we show zoomed 
images of diferent parts of the lake shown in Fig. 1a where the periods are 22.0 and 26.4 nm respectively. he 
observation of a larger period, λ s, implies that the mismatch between the graphene and hBN has been reduced 
and, consequently, that the graphene is under tensile stress. he increase in the lattice constant averaged over a 
moiré unit cell is denoted Δa, and the strain, Δa/a, may be deduced from the increase in moiré period, Δλ = λ s–λ 0 
through the approximation Δa/a ≈ (δ a/a) (Δλ /λ s). For the values observed in Fig. 1d this gives Δa/a = 0.9%.
In other areas of the lake (for example the zoomed areas in Fig. 1e–g) the hexagonal network undergoes sig-
niicant distortion showing a local variation of the orientation of the lattice vectors of the moiré pattern and an 
asymmetry in the hexagonal unit cell. We also observe breaks in the graphene layer (Fig. 1h) across which there 
is an abrupt change in the moiré pattern from a regular hexagonal network with a period ~13 nm to a highly 
distorted pattern (these images also demonstrate that the distortion is not due to an imaging artefact). he height 
diference at these edges (Fig. 1j) is 0.3–0.4 nm, consistent with a single layer of graphene, and the width of the 
break is ~50 nm. Topological defects in the moiré pattern40 combined with a local distortion of the orientation 
and period of the hexagonal network are also observed; Fig. 1f shows the presence of a defect, an edge dislocation, 
where a row within the hexagonal pattern terminates. At these points the local co-ordination of the cells of the 
moiré pattern is 7 or 5 rather than 6 and the presence of defects leads to a long range curvature of the cellular 
network as shown in Fig. 1g. We also ind large areas of up to ~2 μm which are largely free of both defects and 
aggregates (see SI).
We have considered two possible origins for the breaks in graphene such as those shown in Fig. 1h: irstly that 
they occur where two graphene domains have grown, but for some reason have not coalesced; or, alternatively, 
that a tear has been formed post-growth to release the stress in the graphene layer. In view of the highly parallel 
edges of the gap in Fig. 1h we propose that these are tears which are formed post-growth. As discussed below, we 
argue that the graphene layer is pinned by an array of nucleation sites (the three-dimensional aggregates) and the 
formation of cracks allows local relaxation of strain; in this case the graphene on one side of the crack relaxes to 
a value close to that expected for unstrained graphene, while on the other side the balance of stresses is modiied 
leading to a strongly anisotropic strain distribution.
For a simple moiré pattern in which two rigid hexagonal networks are overlaid, we would not expect the dis-
tortion and topological defects observed in Fig. 1e–1h, but, following Woods et al.6, we attribute the bright edges 
of the hexagonal network to represent boundaries along which there is a local mismatch in the lattice constants 
of the hBN substrate and the graphene overlayer. Although it is natural, and may correspond to the lowest energy 
coniguration, to assume that the boundaries run along the principal axes of the hBN and graphene, there is no 
reason a priori why the boundaries should not locally run in other directions. Note that a variation in orientation 
of the moiré network in CVD grown material has been reported previously28.
We have acquired AFM images in contact mode which show that the graphene lattice in regions on either side 
of the crack has the same orientation (within experimental error; see Fig. 1k) despite the diference in symmetry 
and period in the moiré patterns. Furthermore, contact mode images of the hBN surface exposed within the crack 
show that the graphene and hBN lattices are aligned. his conirms that the moiré pattern need not be aligned 
with the graphene lattice and that the growth is epitaxial. he highly anisotropic distortion observed in Fig. 1e 
thus implies that the graphene is anisotropically strained; in the most distorted region in Fig. 1h the cell within 
the hexagonal network has dimensions ~55 nm along two principal directions corresponding to a uniaxial strain 
of ~1.4%.
We have mapped the network of cracks across the complete 30 μm square area shown in Fig. 1a to reveal a 
domain structure as shown in Fig. 2a (the cracks are more clearly resolved in phase images). his conirms that 
there are crack-free regions which extend over lengths up to 20 μm (the largest unbroken domain marked as 2 in 
Fig. 2a), much larger than the typical separation of aggregates. To determine the variation of the period we have 
undertaken a systematic mapping of the graphene across the area highlighted in Fig. 2a (requiring the acquisition 
of 425 successive images over ~100 hours of continuous scanning). We extract, and map, the local period of the 
moiré pattern (see Fig. 2b,c).
he presence of strain is also expected to inluence the Raman spectrum of the graphene and we have acquired 
a full two-dimensional Raman map of the lake in Fig. 1a (see Fig. 2d,e); in addition spectra with longer acquisi-
tion time, and lower noise, were acquired along the trajectory marked in Fig. 2e which cuts the boundary region 
between domains 1 and 2. Typical spectra are shown in Fig. 2e and conirm a systematic dependence of the 2D 
peak on moiré period; for λ s = 26.3 nm the spectrum in the 2D region may be decomposed into three peaks. 
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hese consist of a high energy peak at 2682 cm−1 and two red-shited peaks at 2583 cm−1 and 2527 cm−1. he 
peak at 2682 cm−1 is close to the value expected for monolayer and turbostratic graphene41,42, and is attributed to 
the presence of the three dimensional aggregates (see Fig. 1a) which are unavoidably present within the ~1 μm2 
spot size of our Raman microscope (see Methods). his peak is present in all spectra with a near-constant energy 
but strong variation in amplitude, relecting the inhomogeneous distribution of aggregates on the surface. he 
position of the red-shited peaks shows a monotonic variation with λ s, strongly supporting the hypothesis that the 
graphene is strained; this has not been observed in previous reports of exfoliated or CVD graphene on hBN12,29,43.
As shown in Fig. 2d we also observe a dependence of the G peak on moiré period. he G and D’ peaks are 
observed at respectively 1581 cm−1 and 1615 cm−1 close to the expected values for graphene. However, we also 
observe a shoulder on the low energy side of the G peak which evolves into a more distinct feature which can 
be decomposed into two broad peaks centred on 1553 and 1527 cm−1 for λ s = 26.3 nm. Other peaks present in 
the spectrum but not shown in Fig. 2d are a D peak at half the unshited 2D peak, and a peak due to the hBN 
substrate. We have also conirmed that the group of 2D peaks are dispersive with excitation wavelength, while the 
set of G peaks is not dispersive, as expected42. We do not observe a partner D peak at half the wave number of the 
red-shited 2D peak position, indicating that the strained graphene monolayer has low defect density, unlike the 
carbon aggregates. hese additional Raman measurements are included in the SI. he amplitudes of the unshited 
G and D’ peaks are correlated with that of the unshited 2D peak at 2681 cm−1. hese peaks are therefore associ-
ated, at least partially, with the presence of carbon aggregates.
To generate a Raman map we it the 2D region of the measured spectrum at each point to the red, green and 
blue spectra shown in the inset to Fig. 2e (these model spectra are chosen to represent the peak corresponding 
to carbon aggregates (blue), the two red-shited components for λ s ~ 14 nm (green) and the red-shited compo-
nents for λ s ~ 26 nm (red)); the false colour map in Fig. 1d is formed from the relative weights (determined by 
classical least squares (CLS) analysis) of the blue, green and red spectra which indicate the presence, respectively, 
of carbon aggregates, small moiré and large moiré periods. here is a clear correlation between the AFM and 
Raman map and we highlight the abrupt change in both moiré period and Raman spectra across the boundary 
between domains 1 and 2 (this corresponds to the crack shown in in Fig. 1h). Interestingly, the width of the 
relaxed domain with period ~13.2 nm is ~5 μm (see Fig. 2a,c). According to our model this has been formed by 
Figure 2. Correlation of Raman spectra and AFM images: (a) AFM phase image of the region shown in Fig. 1a 
with domain structure indicated by the white contours along with the locations of domains 1 and 2; (b) phase 
image of a position indicated by the arrows in (a) (inset) 2DFFT of b with irst-order peaks corresponding to 
the moiré periodicity indicated by the red circles; (c) map of the periodicity across the region indicated by the 
red box in (a) showing the abrupt change in periodicity across the boundary between graphene domains 1 
and 2; (d) selected Raman spectra showing the evolution of the red shiting G and 2D bands with increasing 
moiré periodicity indicated for each spectra; the black line is experimental data and the overlaid blue line is a 
Gaussian it using, for the 2D peak, two components which are red-shited–the red curves–and one–the purple 
curve–arising from the carbon aggregates; in the G region there are two new peaks together with the G and D’ 
peaks; (e) Raman CLS map of the hBN/graphene lake in a; blue areas indicate regions of high carbon aggregate 
concentrations, whilst the red and green approximate to the regions of higher and lower red shited 2D bands, 
respectively; these are determined by itting the spectrum at each point to the model spectra shown in the inset 
and , in more detail, in SI; (f) Raman 2D peak positions along the proile marked in (c,e); (g) proiles of the 
periodicity (blue line) and anisotropy (red line) across the same proile; (h) Raman shit of the 2D peaks as a 
function of strain for the points along the proile marked in (c); the highlighted points were acquired close to the 
boundary where the anisotropy is high and were not included in the calculation of the gradient.
www.nature.com/scientificreports/
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the physical displacement of the domain edge which was previously attached to the (now distorted) region of 
domain 2. Noting that the width of the crack is ~50 nm this would imply that the original strain in the layer was 
~1%, consistent with our estimate from the moiré period in domain 2.
In Fig. 2f,g we plot the moiré period and the Raman peak positions along the trajectory marked by a line on 
the Raman and AFM maps. he Raman spectra were itted using multiple Gaussian functions in order to decon-
volve the peak positions of the overlapping bands. Also plotted is the anisotropy of the moiré pattern (expressed 
as g = (λ max/λ min− 1) where λ max/min are the maximum/minimum periods extracted locally; note that g = 0 for a 
non-distorted moiré pattern). hese data, plotted in Fig. 2g conirm the spatial correlation of the Raman features 
and the moiré period. hey also show that the distorted region (where g > 0) is localised to a region in domain 2 
which is within ~2 μm of the crack forming the boundary with domain 1.
We also extract the dependence of the 2D peak positions on percentage strain, determined from the moiré 
period as discussed above (see Fig. 2g). Speciically, we ind that the peaks shit at a rate of − 119 ± 9 cm−1/% 
strain and − 86 ± 6 cm−1/% strain. In addition, we observe a small shit even for Δλ = 0. It has previously been 
shown experimentally1 that the 2D peak shits under uniaxial stress at a rate of − 64 cm−1/%. he dependence of 
the red-shited G peak is more diicult to determine from our data since the peaks are rather broad. Assuming 
a linear dependence on strain (see SI) we ind a red-shit dependence of − 37 cm −1/% and − 28 cm−1/% for the 
two additional components. However, from symmetry considerations we would not expect either the G or the 
2D peaks of a freestanding graphene layer to be split for isotropic strain. We speculate that the split peak is due 
to interactions with the hBN substrate, for example a diference in local environment of carbon atoms in analogy 
with the formation of 2D1 and 2D2 features in graphite
42; in fact it has recently been shown that the strain ields 
within a graphene/hBN heterojunction are complex with some regions of isotropic strain and some, close to the 
dislocation network, where the strain is expected to be uniaxial13. Overall, the Raman spectra presented here are 
consistent with the presence of strain, while revealing complexity of the vibrational spectra of these nanoscale 
heterostructures.
In Fig. 3 we show AFM images for varying coverages of graphene. At low fractional coverage of the hBN 
(Fig. 3a,b; growth time 1 hour) we see near-circular islands of graphene growing outward from the carbon aggre-
gates which are present on the surface (we do not observe signiicant numbers of islands growing in the absence 
of an aggregate). On many of these islands a hexagonal moiré pattern is observed which in some cases is rather 
distorted. From such images we identify the aggregates as nucleation sites for graphene growth. We also observe 
the continuous merging, or coalescence, of two neighbouring islands (Fig. 3c); interestingly, for this particular 
example the moiré patterns on the two islands are not orientationally aligned and the pattern is discontinuous 
through the necking region which connects them.
As the carbon dosage is increased (Fig. 3d, growth time 4 hours; this is an intermediate coverage between 
Fig. 3a and Fig. 1) we see a near complete layer of graphene in which a highly distorted moiré pattern co-exists 
with small topographically bright dot-like features (typical width and height 10 and 0.2 nm respectively; indicat-
ing a diferent origin to the much larger aggregates discussed earlier). In the light of these results we propose that 
the graphene is nucleated at the carbon aggregates which form on the surface (Fig. 3a,b), then grows outward and 
coalesces with islands nucleated at neighbouring sites (Fig. 3c). Since the moiré patterns of islands nucleated at 
diferent sites can vary in their orientation and their registry with the substrate, there is inevitably a mismatch 
Figure 3. Intermediate stages of growth: (a) AC mode AFM images of graphene islands forming around 
carbon deposits on the hBN surface ater 1 hour of growth; (b) island indicated by the box in (a,c) two graphene 
domains coalescing; (d) graphene on hBN ater 4 hours of growth showing a distorted moiré pattern and 
deposits on hBN; (e) AFM height proiles across the regions indicated in (b,c).
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in the cellular patterns at the boundaries where they meet resulting in a disordered arrangement (Fig. 3d). We 
propose that further deposition of carbon results in a partial relaxation of the dislocation network towards a con-
iguration which is more ordered, but in which some topological defects remain present.
We have conirmed that the cracks, such as in Fig. 1h, can be formed post-growth and can lead to strain relief 
by generating similar features using an AFM cantilever operated in contact mode. Figure 4 shows a region of the 
surface before and ater the formation of a damaged track which is shown in Fig. 4c. We also observe narrow 
cracks with highly parallel edges and a width of 25 nm emanating from the damaged region (see Fig. 4c; zooms of 
a region before and ater propagation of the crack are shown in Fig. 4d,e). hese cracks were not present prior to 
the formation of the tear and, furthermore, ater the formation of the crack the local moiré pattern was reduced 
from 22 nm to 17 nm and 14 nm on, respectively, the let and right of the tear (these values are averages of the 
periods in the three principal directions; note that the moiré pattern is anisotropically distorted both before and 
ater propagation of the crack). he inluence of the local tip damage thus propagates over large areas, modifying 
the strain distribution within the graphene; note that in this modiication process one of the carbon aggregates 
has also been displaced and the crack runs continuously (highlighted by the red circle in Fig. 4a,b) under a neigh-
bouring aggregate which implies that graphene is present under these 3D islands. Remarkably, the graphene 
edge has undergone a physical movement, through shrinkage, so that the process corresponds to a tip-induced 
mechanical actuation of the graphene.
Figure 4. AFM-induced crack generation: (a) Amplitude channel AFM image of a region on the graphene 
surface before and (b) ater damaging the sample by scanning the AFM tip in contact mode. he rectangular 
box in (b) shows the position of the damaged region and the arrows show the propagation of cracks away 
from the damaged area. In addition the red circle shows the displacement of a carbon deposit before and ater 
the damage; (c) Detail of the damage introduced by the cantilever with arrows indicating cracks propagating 
away from the damage; (d) topographic image of the region indicated by the white box in (a); (inset) phase 
image showing the moiré period in diferent directions; (e) Height image of the same area ater the formation 
of a crack as indicated by the box in (b); (insets) Filtered phase images of each side of the crack showing the 
reduction in moiré period in all directions indicating the strain has been relaxed.
www.nature.com/scientificreports/
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We propose that the strain in the graphene layer is introduced during post-growth cooling and is maintained 
by a quasi-random distribution of nucleation sites which act to pin the material. he simplest explanation for the 
origin of the strain is a diference between the thermal coeicients of expansion of graphene, ∝ g, and hBN, ∝ BN. 
A tensile strain of ~1%, as observed here, implies that (∝ g–∝ BN), averaged over the relevant temperature range 
(300–1770 K) is positive with a value 8 × 10−6/K. he coeicient for hBN (the bulk value is relevant for our lakes) 
is − 3 × 10−6/K at 300 K and remains negative, but with reduced magnitude44, up to 800 K. here is considerable 
divergence in the published values for ∝ g; Bao et al.
45 argue that ∝ g is negative at 300 K, but then increases to a 
positive value for a temperature, T > 350 K, while Yoon et al.46 ind a negative value up to 400 K. Most recently, 
Linas et al. argued that ∝ g is positive over all measured temperatures in agreement with theoretical predictions
47. 
For the maximum temperature (800 K) for which data are available47, (∝ g–∝ BN) ~3 × 10
−6/K. his is lower than 
the average quoted above, but we emphasise that data are not available between 800 K and the growth tempera-
ture, 1770 K, and, given the uncertainty related to these quantities, thermally-induced strain is a plausible origin 
for the observed efects.
Graphene grown by CVD on hBN does not exhibit the large moiré pattern reported here and one possible rea-
son for this diference is the pinning role of the nucleation sites in MBE growth; these aggregates are not observed 
in CVD growth. here are other diferences, for example the growing edge of graphene is likely terminated by 
hydrogen in CVD growth29, while hydrogen should be absent during MBE growth leading to a more reactive edge 
and potentially stronger local interaction with the hBN substrate32. In addition, there is a potentially interesting 
interaction between the free edges of a growing island and the dislocation network. In Fig. 3b the dislocations 
intersect the free boundary at 90o; in fact we would not expect a bright dislocation edge to be formed parallel, and 
close to, a free boundary since the mismatch in lattice constants which occurs in these regions must be stabilised 
by compressive stress arising from the lattice-matched graphene on each side of the dislocation. his implies a 
complex evolution of the dislocation network due to inite size efects as the island continues to grow and a pos-
sible activated process for the introduction of new dislocation lines. Note that the introduction/elimination of 
a dislocation parallel to an island edge generates an advancement/retraction of the edge and therefore modiies 
the overall strain in the island. It is possible that thermally activated luctuating displacements of the islands edge 
occur until neighbouring islands coalesce thus stabilising a strained coniguration.
Our results demonstrate, for the irst time, that MBE can be used to grow large areas of aligned graphene and 
also, unexpectedly, that the resulting material can be highly strained. Moreover, the strain, and physical properties 
of the graphene, can be modiied through the generation of cracks using the probe of an AFM. his also leads to 
a physical displacement of the edges of graphene domains so the AFM actuates a nanoscale relative displacement 
of the grown layer, and, furthermore, gives rise to highly parallel edges which appear regular on a nanometre 
scale. he strongly anisotropic deformation close to a crack indicates the possibility of better controlled routes 
towards the engineering of more complex strain ields in graphene, for example through the lithographic forma-
tion of arrays of etched holes, or the formation of artiicial pinning sites on hBN through nanofabrication prior 
to growth. Our work motivates further exploration of MBE growth as a route to the controlled introduction of 
strain into graphene layers for the generation of pseudomagnetic ields of order 10 T, novel electronic structure 
and new device paradigms.
Methods
We use a custom-designed dual-chamber GENxplor MBE system (base pressure ~10−10  Torr) supplied by Veeco 
which is modiied to reach growth temperatures of 1850 °C and is compatible with substrates up to 3 inches in 
diameter. In this system the substrates are mounted in a vertical coniguration with the substrate heater mounted 
above the substrate. To deposit carbon we use a SUKO-63 sublimation source, essentially a high purity pyrolytic 
graphite ilament which is Joule heated, supplied commercially by Dr. Eberl (MBE-Komponenten GmbH). As 
substrates we use exfoliated lakes of hBN from high-temperature high-pressure grown bulk hBN crystals39. he 
thicknesses of hBN lakes range from 10–100 nm and their lateral dimensions from 20–100 μm. hese lakes are 
transferred onto 1 × 1 cm2 double sided polished sapphire (0001) substrates (SurfaceNet GmbH) and cleaned by 
immersion in toluene (99.9% CHROMASOLV for HPLC, Sigma Aldrich) overnight and heating at 400 °C for 
eight hours in a low of 0.15 sl/min of Ar/H2 (95:5). he substrates are loaded on a Ta holder and following entry 
to the MBE system are pre-annealed at 400 °C for 0.5 hour prior to growth. Due to the use of the transparent 
sapphire substrate, pyrometer measurements give a reading only of the heater temperature. Instead we estimate 
the substrate temperature during growth using a thermocouple mounted in the substrate heater. he carbon dep-
osition rate is estimated to be in the range 18–22 nm/hour from AFM measurements of the thickness of adsorbed 
carbon on the exposed sapphire regions of the substrate; note that the fraction of adsorbed carbon incorporated 
into epitaxial graphene on the adsorbed hBN lake is small, ~1%, so a growth time of ~4 hours is required to form 
a partial monolayer. he lifetime of the carbon source under these conditions is 2–6 hours so we are limited in our 
current work to monolayer growth. All of the samples discussed below were grown at the same substrate temper-
ature which we estimate to be 1500 °C.
AFM images were acquired using an Asylum Research Cypher-S instrument operating in AC mode under 
ambient conditions and using Multi75AI-G cantilevers (Budget Sensors) supplied commercially by Windsor 
Scientiic.
Raman spectra were recorded on a Horiba–Jobin–Yvon LabRAM Raman microscope, with a laser wavelength 
of 532 nm operating at low power (~4 mW) and a 600 lines/mm grating. he detector was a Synapse CCD detec-
tor. he Raman shit was calibrated using an Si(100) reference sample. he Raman CLS map was obtained by 
extracting the 2D region of each spectra in the map. he model spectra were selected from the dataset to best 
represent the diferent regions observed in the map. he presence of a small carbon aggregate peak (blue spec-
trum) in the red shited spectra (green and red) was removed by subtracting the blue spectrum ater applying a 
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multiplier to it to ensure complete subtraction of the unwanted feature. CLS itting to each spectrum in the map 
was performed using the Horiba Labspec 6 sotware.
References
1. Mohiuddin, T. M. G. et al. Uniaxial strain in graphene by Raman spectroscopy: G peak splitting, Grüneisen parameters, and sample 
orientation. Phys. Rev. B 79, 1–8 (2009).
2. Tsoukleri, G. et al. Subjecting a graphene monolayer to tension and compression. Small 5, 2397–2402 (2009).
3. Guinea, F., Katsnelson, M. I. & Geim, A. K. Energy gaps, topological insulator state and zero-ield quantum Hall efect in graphene 
by strain engineering. Nat. Phys. 6, 30–33 (2009).
4. Guinea, F. Strain engineering in graphene. Solid State Commun. 152, 1437–1441 (2012).
5. Choi, S.-M., Jhi, S.-H. & Son, Y.-W. Efects of Strain on Electronic Properties of Graphene. Phys. Rev. B 81, 081407 (2010).
6. Woods, C. R. et al. Commensurate–incommensurate transition in graphene on hexagonal boron nitride. Nat. Phys. 10, 1–6 (2014).
7. Hunt, B., Taniguchi, T., Moon, P., Koshino, M. & Ashoori, R. C. Massive Dirac Fermions and Hofstadter Butterly in a van der Waals 
Heterostructure. Science (80− ). 340, 1427–1431 (2013).
8. Wallbank, J. R., Mucha-Kruczyński, M., Chen, X. & Fal’ko, V. I. Moiré superlattice efects in graphene/boron-nitride van der Waals 
heterostructures. Ann. Phys. 376, 359–376 (2015).
9. Jung, J., DaSilva, A., Adam, S. & MacDonald, A. H. Origin of band gaps in graphene on hexagonal boron nitride. Nat. Commun. 6, 
1–11 (2014).
10. Neek-Amal, M. & Peeters, F. M. Graphene on hexagonal lattice substrate: Stress and pseudo-magnetic ield. Appl. Phys. Lett. 104, 
173106 (2014).
11. Neek-Amal, M. & Peeters, F. M. Graphene on boron-nitride: Moiré pattern in the van der Waals energy. Appl. Phys. Lett. 104, 041909 
(2014).
12. Yang, W. et al. Epitaxial growth of single-domain graphene on hexagonal boron nitride. Nat. Mater. 12, 792–7 (2013).
13. San-Jose, P., Gutiérrez-Rubio, A., Sturla, M. & Guinea, F. Spontaneous strains and gap in graphene on boron nitride. Phys. Rev. B 90, 
075428 (2014).
14. Levy, N. et al. Strain-induced pseudo-magnetic ields greater than 300 tesla in graphene nanobubbles. Science 329, 544–547 (2010).
15. Shioya, H., Craciun, M. F., Russo, S., Yamamoto, M. & Tarucha, S. Straining graphene using thin ilm shrinkage methods. Nano Lett. 
14, 1158–1163 (2014).
16. Gill, S. T. et al. Mechanical control of graphene on engineered pyramidal strain arrays. ACS Nano 9, 5799–5806 (2015).
17. Zhu, S., Stroscio, J. A. & Li, T. Programmable Extreme Pseudomagnetic Fields in Graphene by a Uniaxial Stretch. Phys. Rev. Lett. 
115, 245501 (2015).
18. Li, X. et al. Large-area synthesis of high-quality and uniform graphene ilms on copper foils. Science 324, 1312–4 (2009).
19. Yu, Q. et al. Graphene segregated on Ni surfaces and transferred to insulators. Appl. Phys. Lett. 93, 113103 (2008).
20. Reina, A. et al. Large area, few-layer graphene ilms on arbitrary substrates by chemical vapor deposition. Nano Lett. 9, 30–5 (2009).
21. Britnell, L. et al. Field-efect tunneling transistor based on vertical graphene heterostructures. Science 335, 947–50 (2012).
22. Georgiou, T. et al. Vertical ield-efect transistor based on graphene-WS2 heterostructures for lexible and transparent electronics. 
Nat. Nanotechnol. 8, 100–103 (2013).
23. Britnell, L. et al. Strong Light-Matter Interactions in Heterostructures of Atomically hin Films. Science (80− ). 340, 1311–1314 
(2013).
24. Mudd, G. W. et al. High Broad-Band Photoresponsivity of Mechanically Formed InSe-Graphene van der Waals Heterostructures. 
Adv. Mater. 27, 3760 (2015).
25. Withers, F. et al. Light-emitting diodes by band-structure engineering in van der Waals heterostructures. Nat. Mater. 14, 301–306 
(2015).
26. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499, 419–25 (2013).
27. Tang, S. et al. Nucleation and growth of single crystal graphene on hexagonal boron nitride. Carbon NY 50, 329–331 (2012).
28. Tang, S. et al. Precisely aligned graphene grown on hexagonal boron nitride by catalyst free chemical vapor deposition. Sci. Rep. 3, 
2666 (2013).
29. Tang, S. et al. Silane-catalysed fast growth of large single-crystalline graphene on hexagonal boron nitride. Nat. Commun. 6, 6499 
(2015).
30. Son, M., Lim, H., Hong, M. & Choi, H. C. Direct growth of graphene pad on exfoliated hexagonal boron nitride surface. Nanoscale 
3, 3089–3093 (2011).
31. Garcia, J. M. et al. Graphene growth on h-BN by molecular beam epitaxy. Solid State Commun. 152, 975–978 (2012).
32. Dabrowski, J., Lippert, G., Schroeder, T. & Lupina, G. Role of defects in the process of graphene growth on hexagonal boron nitride 
from atomic carbon. Appl. Phys. Lett. 105, 191610 (2014).
33. Lin, M.-Y. et al. Low-temperature grown graphene ilms by using molecular beam epitaxy. Appl. Phys. Lett. 101, 221911 (2012).
34. Zuo, Z. et al. In-situ epitaxial growth of graphene/h-BN van der Waals heterostructures by molecular beam epitaxy. Sci. Rep. 5, 14760 
(2015).
35. Schumann, T. et al. he impact of substrate selection for the controlled growth of graphene by molecular beam epitaxy. J. Cryst. 
Growth 425, 274–278 (2015).
36. Jerng, S. K. et al. Nanocrystalline graphite growth on sapphire by carbon molecular beam epitaxy. J. Phys. Chem. C 115, 4491–4494 
(2011).
37. Oliveira, M. H. et al. Mono- and few-layer nanocrystalline graphene grown on Al2O3(0001) by molecular beam epitaxy. Carbon NY 
56, 339–350 (2013).
38. Kang, C.-Y. et al. Growth of Few-Layer Graphene on Sapphire Substrates by Directly Depositing Carbon Atoms. Chinese Phys. Lett. 
28, 118101 (2011).
39. Taniguchi, T. & Watanabe, K. Synthesis of high-purity boron nitride single crystals under high pressure by using Ba–BN solvent. J. 
Cryst. Growth 303, 525–529 (2007).
40. Cosma, D. A., Wallbank, J. R., Cheianov, V. & Fal’ko, V. I. Moiré pattern as a magnifying glass for strain and dislocations in van der 
Waals heterostructures. Faraday Discuss. 173, 137–43 (2014).
41. Ferrari, A. C. et al. Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 97, 187401 (2006).
42. Ferrari, A. C. & Basko, D. M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotechnol. 8, 
235–246 (2013).
43. Eckmann, A. et al. Raman ingerprint of aligned graphene/h-BN superlattices. Nano Lett. 13, 5242–5246 (2013).
44. Yates, B., Overy, M. J. & Pirgon, O. he anisotropic thermal expansion of boron nitride. Philos. Mag. 32, 847–857 (1975).
45. Bao, W. et al. Controlled ripple texturing of suspended graphene and ultrathin graphite membranes. Nat. Nanotechnol. 4, 562–566 
(2009).
46. Yoon, D., Son, Y.-W. & Cheong, H. Negative thermal expansion coeicient of graphene measured by Raman spectroscopy. Nano 
Lett. 11, 3227–3231 (2011).
47. Linas, S. et al. Interplay between Raman shit and thermal expansion in graphene: Temperature-dependent measurements and 
analysis of substrate corrections. Phys. Rev. B 91, 075426 (2015).
www.nature.com/scientificreports/
9Scientific RepoRts | 6:22440 | DOI: 10.1038/srep22440
Acknowledgements
This work was undertaken with support from the UK Engineering and Physical Research Council under 
grants EP/K040243/1 and EP/L013908/1, and from the Leverhulme Trust (RPG-2014-129). Nottingham 
Nanotechnology and Nanoscience Centre (NNNC) enabled access to Raman instrument.
Author Contributions
A.S., V.V.K. and P.H.B. acquired and interpreted the AFM images; the Raman measurements were acquired by 
A.D.; the hBN crystals were provided by T.T. and K.W. which were prepare for use as substrates by A.S. and P.H.B.; 
T.S.C., S.N.V. and C.T.F. performed the growth; A.S., A.D., V.V.K., T.S.C., C.J.M., Y.C., A.N.K., L.E., C.T.F., S.N.V. 
and P.H.B contributed to discussions of growth and the evidence for strain; A.S., A.D. and P.H.B. prepared the 
manuscript drat and all authors contributed to the inal form of the paper.
Additional Information
Data Availability: he images and spectra on which this paper is based may be publicly accessed and are stored 
at 10.17639/nott.35
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing inancial interests: he authors declare no competing inancial interests.
How to cite this article: Summerield, A. et al. Strain-Engineered Graphene Grown on Hexagonal Boron 
Nitride by Molecular Beam Epitaxy. Sci. Rep. 6, 22440; doi: 10.1038/srep22440 (2016).
his work is licensed under a Creative Commons Attribution 4.0 International License. he images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
